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INTRODUCTION

Paleointensities are being determined in order to characterize geomagnetic intensity variations 
during Quaternary time. Because the geomagnetic field acts as a shield against cosmic radiation, its 
intensity directly affects the production rate of radiocarbon (^C) in the upper atmosphere. Coe and 
others (1978) showed that the variation in dipole moment during Holocene time is nearly proportional 
to the difference between ^C and tree-ring age. The ^C timescale is currently well calibrated to 
about 9000 years B.P., and tentatively to about 13,000 years B.P., by comparison with tree-ring and 
glacial-varve chronologies (Stuiver and others, 1986). However, a comparison of ages determined by 
the l^C and 234u_230rh methods on coral samples off the island of Barbados (Bard and others, 1990) 
showed that U-Th ages were consistently older than ^4C ages in material older than about 9,000 years. 
The discrepancy is so large (3,500 years at 25,000 years B.P.) that Bard and others consider that it can 
only be due to a significant decrease in geomagnetic intensity during the last glacial period. Dipole 
field intensity has a similar modulating effect on the production of other cosmogenic nuclides that are 
used for geochronologic studies and will also affect their calibration curves.

Mankinen and Champion (1993a,£) recently established broad trends in geomagnetic paleo- 
intensity for latest Pleistocene and Holocene time on Hawaii. The current study is the beginning of an 
effort to establish a similar record for western North America. Data from North America and Hawaii 
will eventually be averaged with other data from globally distributed locations to eliminate the effects 
on nondipole variations so that a true picture of the global (dipole) field can be obtained. The dipole 
variations can then be used to model accurately the production rate of cosmogenic nuclides as has been 
attempted by Mazaud and others (1991, 1994) using some relative paleointensity records from marine 
sediment cores.

SAMPLES AND AGES

Samples used are from basalt and trachyandesite lava flows of the Long Valley caldera, California 
on the east side of the Sierra Nevada near Mammoth Lakes. These young lavas erupted in the west 
moat of the caldera and flowed around the western edge of the resurgent dome and into the north and 
south moats. The volcanic rocks are part of the Mono-Inyo Craters volcanic chain whose origin may 
be in magma chambers unrelated to the main Long Valley silicic chamber (Bailey, 1989). Details of 
the geology, geochronology, and paleomagnetism of these rocks are described in Bailey and others 
(1976), Mankinen and others (1986), and Bailey (1989).

Ages, determined by the potassium-argon method, are well known for most of the flows described 
herein and range from about 155 to 64 ka. Ages for map numbers 22, 46, and 23 (Table 1 in 
Mankinen and others, 1986) in the south moat of the caldera remain unconfirmed. Because within 
flow contents of I^O are in good agreement but argon contents are not, and because large variations in 
40Arra(j exist, the three flows probably contain extraneous argon (Mankinen and others, 1986). The 
flow at locality 22 is overlain by the Casa Diablo till of Curry (1971) which may be either Mono Basin 
or Tahoe in age (Bailey, 1989). This entire sequence of lava flows is capped by moraines of the Tioga 
glaciation (Bailey, 1989). Ages determined for the Tioga glaciation using the 36Q method (Phillips 
and others, 1990) range from 23.1 to 20.4 ka, and Bursik and Gillespie (1993) consider 25.2 ka to be a



maximum age for this glaciation. The Tahoe glaciation is younger than 119 ± 7 ka (Gillespie and 
others, 1984) and has been dated as occurring between 65.8 and 55.9 ka by the 3&C\ method (Phillips 
and others, 1990). Phillips and others (1990) consider the most likely ages for the Mono Basin tills to 
be between 120 and 110 ka based on the 3&CI method. However, Bursik and Gillespie (1993) are 
skeptical of ^C\ dates in this age range. At the present time, ages for this sequence remain poorly 
constrained and the ages for the flows at localities 22 (129 ± 26 ka) and 23 (64 ± 14 ka) are 
tentatively considered maximum ages. The flow at locality 49 has not been dated directly but its 
stratigraphic position between flows at sites 28 and 39 constrains its age to be 99 ± 16 ka.

METHODS 
Sample Selection Criteria

Specimens used in the paleointensity experiments were chosen primarily on the basis of their 
behavior during strong field thermomagnetic analysis. These analyses were made in a nitrogen 
atmosphere to inhibit oxidation using an automatic recording balance (Doell and Cox, 1967). 
Specimens were heated and cooled at a rate of 10°C/min in applied fields between 200 and 450 mT. 
Curie temperatures (Tc 's) were measured using the method of Gramme" and others (1969). Curie 
temperatures ranging from about 505° to 575°C (Table 1 and Fig. 1), and induced magnetization (/s) 
acquisition curves nearing saturation at about 300 mT (Fig. 2) indicate that the carrier of remanence in 
these rocks is a low-Ti titanomagnetite. Thermomagnetic curve types given correspond to those 
described in Mankinen and others (1985). Samples exhibiting type 2a curves were preferred for 
paleointensity determination because previous studies (e.g., PreVot and others, 1985) have shown that 
such rocks are the best candidates for providing reliable paleointensity estimates.

Secondary criteria used included the rock magnetic properties given in Table 1, and a requirement 
that the specimen selected should have a remanence direction close to the mean direction for the flow 
in order to avoid samples that contain spurious components of magnetization. Saturation magnetization 
and saturation remanence (/rs), in most cases, were determined for the same samples later used in the 
strong-field thermomagnetic measurements. /rs was measured after magnetizing the samples in 900 
mT, and /s was determined by plotting the variation of the induced magnetization (in fields ranging 
from 0 to 900 mT) against the reciprocal of the applied field and extrapolating to H = oo. Many 
samples had /rs//s values near 0.1 (Table 1) which is indicative of multidomain to pseudo-single- 
domain titanomagnetite grains. Whenever possible, samples with values greater than about 0.17 were 
used in the paleointensity experiments because Dunlop (1983) has shown that basalts with a range of 
values between 0.17 and 0.27 display single-domain behavior, and such samples are preferred for 
paleointensity experiments (Levi, 1977).

Weak-field susceptibilities were measured at 800 Hz using a commercial bridge at room 
temperature, and the in situ Koenigsberger ratio, Qn, was calculated using the present day field 
intensity at Long Valley (52.5 /*T). Because susceptibility is dependent on both grain size of the 
magnetic minerals and their concentration, the highest values of Qn within a flow usually indicate the 
smallest grain sizes.
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TABLE 1. MAGNETIC PROPERTIES OF SAMPLES FROM VOLCANIC ROCKS OF LONG VALLEY CALDERA

Flow No.

23_Crf»S

53

31

28

49

39

20

Sample

5L210-2
5L211-1
5L212-2
5L213-2
2C564-0

5L234-2
5L235-2
5L236-1
5L237-2
5L238-2
5L239-2

5L353-1
5L354-2
5L355-0
5L356-2
5L358-2
5L359-0

5L344-0
5T 345-1* JJ_^»J *J JL

5L346-2
5L347-2
5L348-2
5L349-2
5L351-2

5L444-1
5L445-1
5L446-1
5L447-1
5L448-1
5L449-1
5L450-1
5L451-1

5L334-2
5L335-1
5L337-0
5L340-0

5L385-1
5L386-1
5L387-1
5L388-2
5L389-1
5L390-1
5L391-1
5L392-1*

'is

0.240

0.306
0.343

_____

0.296
0.530
_____
0.374
0.344
0.361

__
0.0836
0.199
0.0591
0.051
0.0769

0.173

0.112
0.196
0.142
0.125
0.195

0.114
0.211
0.219
_____
0.176
0.228
0.186
0.209

0.0833
_____
0.0954
0.0453

0.315
0.227
0.330
0.325
0.171
0.106
0.121
  

' 

1.81
1 02
___  V/_C*

1.69
1.71
_____

2.02
2.53
2.20
2.01
2.07
2.02

0.938
0.91
1.27
0.962
0.843
0.873

0.854
0.955
0.556
0.946
0.913
0.791
0.976

1.56
1.54
1.58
1.65
1.42
1.51
1.47
1.55

0.599
0.717
0.740
0.198

0.997
0.914
1.14
1.40
0.914
0.758
0.850
0.960

 W's

0.133

0.181
0.201

_____

0.147
0.209

_____
0.186
0.166
0.179

__
0.092
0.157
0.061
0.061
0.088

0.203

0.201
0.207
0.156
0.158
0.200

0.073
0.137
0.139
_____
0.124
0.151
0.127
0.135

0.139
_____
0.129
0.229

0.316
0.248
0.290
0.232
0.187
0.140
0.142
_____

 'nrm

2.89
3.70
2.33
3.38

____

1.86
2.69
1.68
1.41
1.08
1.54

0.82
....

8.67
____
____
1.47

6.56
4.11
3.95
3.19
4.90

____
3.68

2.75
2.93
3.07
2.69
4.05
7.92
5.88
2.99

 
1.30
____

3.14

10.7
5.52
3.55

10.8
3.55
2.72
3.08
3.49

X

23.4
11 £.33. o
16.3
17.6
____

19.9
23.8
22.6
15.8
19.1
18.7

15.5
____

15.3
....
....
12.0

8.78
11.4
6.42
8.17
9.16
____
8.53

23.6
15.7
15.0
21.7
18.7
19.4
18.5
16.6

 
11.6
____
2.45

7.87
7.60
8.97

12.7
7.70
6.70
8.07
8.14

Gn

3.0
2 f.0 
3.4
4.6
____

2.2
2.7
1.8
2.1
1.4
2.0

1.2
....
13.5
....
....
2.9

17.9
8

_-
.0

14.7
9.4

12.8
____

10.3

2.8
4.5
4.9
3.0
5.2
9.8
7.6
4.3

 
2.7
____
3.1

32.5
17.4
9.5

20.4
11.0
9.7
9.1

10.3

rc

545
537*J +j /

564
214, 559

545

554
565
564
574
564
570

510
543
551
510
505
548

571
565
575
573
571
516
575

525
565
564
532
556
556
539
566

278, 523
276, 503
280, 505

541

170, 578
580
577
577
579
576
573
570



TABLE 1. (continued)

22

15

16

5L217-2
5L218-0
5T 219-1*J-L_f_£*_L.7 JL

5L220-2
5L221-2
5L223-2
5L224-2
2C502-0

5L258-2
5L259-0
5L261-1
5L262-2
5L263-2
5L264-2
5L265-2

5L267-2
5L268-2
5L269-2
5L270-1
5L271-1
5L272-2
5L273-2

0.258
0.243

0.202
0.247
0.193
0.215
  

0.0770
0.154

0.109
0.164
0.243
0.286

0.0951
0.125
0.145
0.226
 

0.204
0.134

1.24
1.63
1 44
JL   T f

1.38
1.34
0.912
1.46
  

0.544
0.880
O Q  TO .oo2

0.710
0.792
0.869
1.02

0.657
0.816
1.01
0.996
1.13
0.907
0.862

0.208
0.149

_____
0.146
0.184
0.212
0.147
  

0.142
0.175

0.154
0.207
0.280
0.280

0.145
0.153
0.144
0.227
  
0.225
0.155

4.72
4.65
4.41
4.05
6.52
3.89
3.67
 

1.98
2.04
2 41
_w« ~JL

2.86
1.99
2.20
4.60

2.43
1.95

2.99
3.18
3.04
2.71
1.83

12.8
16.3
19 5
A_?  */

15.1
14.3
8.00

15.3
 

5.53
7.40
9.45
5.25
5.20
6.03
8.28

5.74
6.02
9.41
7.18
8.77
6.96
7.00

8.8
6.8
5.4
6.4

10.9
11.7
5.5
 

8.6
6.6
6.1

13.0
9.2
8.7

13.3

10.1
7.8
7.6
10.6

8.3
9.3
6.3

219, 576
575
^8JJO

572
246, 576

574
572
560

570
575
577 _* / /

572
577
582
576

568
571
569
574

568
573
561

Note: Flow number corresponds to map number in Mankinen and others (1986); Jrs is saturation remanence 
(Am^/kg); Js is saturation magnetization (Am^/kg); ./UJJQ is intensity of natural remanent magnetization (A/m); 
Xis volume susceptibility (xlO~*); Qn is in situ Koenigsberger ratio (J^^XF, where F= 52.5 /*T); Tc is Curie 
temperature (°C).

* denotes rock magnetic properties and Thellier experiments performed on adjacent specimens.

Paleointensity Experiments
The paleointensity experiments were performed in a nitrogen atmosphere using the apparatus 

described by PreVot and others (1985). The average ambient field within the furnace array was about 
70 nT. The paleointensity method used was that developed by Thellier and Thellier (1959) as modified 
by Coe (1967). At every temperature, the specimens were first heated and cooled in a "zero" field (the 
ambient field), and the remaining natural remanent magnetization (NRM) was measured at room 
temperature using a cryogenic magnetometer. A field of 50 /~T, which is close to the present field 
intensity at Long Valley, was applied parallel to the cylindrical axes of the specimens during the 
second of each pair of heating steps. This field was applied throughout the entire, several-hours-long 
heating and cooling cycle (Levi, 1975).
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Magnetic stability during the heating experiments was tested by redetermining the partial 
thermoremanent magnetization (PTRM) at a given low-temperature interval after the samples had been 
heated to successively higher temperatures (using the sliding PTRM-check method described by PreVot 
and others (1985)). The method of Coe and others (1984) was used to test whether appreciable 
amounts of chemical remanent magnetization (CRM) were acquired during the laboratory heatings. 
Weak-field susceptibility was measured after each heating step to help detect mineralogical changes that 
could affect the reliability of the results.

Data Analysis
Paleointensity data are best displayed on a NRM-TRM diagram (Nagata and others, 1963), typical 

examples of which are shown in Figure 3. The NRM in these diagrams is the component directed 
along the stable NRM direction remaining after heating to a temperature, 7J. The TRM plotted is the 
component projected onto the applied field direction that was acquired in the interval between 7j and 
room temperature. For an ideal sample, all such NRM/TRM points will fall on a straight line with the 
negative slope equal to the ratio of the ancient Earth's field to the applied laboratory field. In practice, 
however, most samples will begin to chemically alter at some point during the heating experiments and 
only a fraction of the total NRM will yield reliable paleointensity values.

Several factors were used to evaluate the experimental data before a determination of the 
paleointensity was made. (1) No paleointensity was estimated unless at least four NRM-TRM points 
within a given range of unblocking temperatures fell on a straight line and spanned a range of 15% or 
more of the total NRM intensity. Because a recently acquired viscous remanent magnetization (VRM) 
could have a direction quite close to that of the original TRM and therefore be difficult to detect, the 
initial room temperature measurement was not used in any estimate. (2) PTRM checks needed to 
closely approximate the values previously determined for the same temperatures. Any systematic 
deviation of these checks from the least squares line was taken as an indication that the TRM spectrum 
had been altered. (3) No appreciable amounts of CRM should be detectable within the linear segment 
analyzed using the method of Coe and others (1984). (4) Sudden deviations in the rate of change in 
weak-field susceptibility could also be an indication of magnetochemical changes.

RESULTS

Paleointensity estimates and associated statistical parameters are given in Table 2. Because 
significant differences in the measures of quality are commonly observed for samples within a single 
unit, both unweighted and weighted mean paleointensities were determined and the virtual dipole 
moment (VDM) was calculated from the weighted mean. Weighted means were calculated using the 
weighting factor defined by PreVot and others (1985), and these are shown in Figure 4. Because the 
weighting factor used differs from the weight derived from the theory of errors and cannot, therefore, 
be used to calculate a weighted standard error, uncertainties in the paleointensity estimate are 
expressed by using the standard deviation about the unweighted mean. Substantial differences in 
apparent paleointensity can occur in a single lava flow and, for that reason, paleointensity values listed 
in Table 2 that are based on fewer than three determinations should be considered tentative.
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Specimens from localities 16 (5L269-2), 22 (5L220-2), and 23 (5L212-1) yielded NRM-TRM 
diagrams with excessive systematic curvature and were considered unsuitable for determining a 
paleofield (see factor #1 above). The curvature exhibited by these specimens is typical of samples 
containing multidomain magnetite (Levi, 1977). Magnetochemical changes occurred below 300°C in 
specimens from localities 31 (5L355-0) and 49 (5L450-1) as evidenced by failure of PTRM checks (site 
#31) and radical changes in weak-field susceptibility (site #49).

The data from the single sample analyzed from the 64 ka unit was unsuitable for determining a 
paleointensity. The same unit was sampled also at locality 53 (Bailey, 1974; Mankinen and others, 
1986) and a sample from this site indicates a weak paleofield of 20.6 //T. However, the quality factor 
for this determination is low and additional samples need to be measured in order to confirm this 
result. Localities 15 and 16 are in a structural block that may have been tilted (Mankinen and others, 
1986) and a virtual axial dipole moment (VADM) has been calculated for both units using the magnetic 
field direction that would be produced at Long Valley by an axially symmetric dipole field. Both the 
VADM and VDM (which uses the measured remanence direction) are given in Table 2, and the 
VADM's are plotted in Figure 4.

DISCUSSION

Data from this study are shown in Figure 4 which also includes other available paleointensity 
determinations from southwestern North America. Champion (1980) used the Thelliers 1 method to 
obtain paleointensity estimates for 28 radiocarbon-dated lava flows from the western United States. A 
detailed record of paleointensity variations in the southwestern United States for the past 2000 years 
was determined by Sternberg (1989) using the Thelliers 1 method on archeological artifacts of the 
Hohokam, Anasazi, and Mogollon cultures. This record is not shown here because of the difficulty of 
accurately representing these data at the scale of Figure 4. The agreement in this time range is quite 
good, however, among the data from Champion (1980), Sternberg (1989), and from unpublished thesis 
as summarized by Sternberg.

Data from Mexico were reported by Gonzalez Huesca (1992) who calculated paleointensities on 
l^C-dated lava flows generally based on results obtained using both the Thelliers 1 method and that 
developed by Shaw (1974). Only the paleointensities on the 29 and 3.8 ka flows were based on the 
Shaw method alone. Peaks in paleointensity determined by Gonzalez Huesca (1992) at about 2.4 and 
4.1 ka are in agreement with the results of Champion (1980) although the value at 4.1 ka determined 
by Gonzalez Huesca seems abnormally high. Another high value that she obtained for a flow at 9.4 ka 
(Fig. 4) corresponds well with a world-wide peak at about that time as shown in Figure 5.

Figure 5 summarizes current knowledge about the late Quaternary field as deduced from 
paleointensity studies on volcanic rocks and archaeological artifacts world-wide. The 50-0 ka interval 
is adapted from Mankinen and Champion (1993&) and shows the VDM curve from Hawaii (solid 
curve) and the world-wide mean curve for Holocene time (stippled pattern) from the compilation of 
McElhinny and Senanayake (1982). The dashed horizontal line is the world-wide average VDM for 
Holocene time (McElhinny and Senanayake, 1982); this VDM (8.75 x 1022 Am2) differs only slightly 
from the mean VDM for Quaternary time (8.68 x 1022 Am2) calculated by Otake and others (1993). 
Data points summarized in Mankinen and Champion (1993&) are shown as crosses, with symbols 
representing data not available at the time that report was prepared. Data shown are VDM's except
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where unavailable. Data from Champion (1980) are not shown on this figure because they have been 
included in the calculation of the mean Holocene curve (McElhinny and Senanayake, 1982).

As mentioned above, the high value for 9.4 ka reported by Gonzalez Huesca (1992) corresponds 
well with other high values at about this time (Fig. 5). A very high paleointensity has been obtained 
from a 10 ka rhyolite lava flow from New Zealand (Tanaka and others, 1994) that also may be related 
to the high dipole field at about 9 ka but enhanced by the nondipole field. The interval of lower than 
normal paleointensities immediately preceding Holocene time that was first noted by McElhinny and 
Senanayake (1982) continues to be borne out with the addition of new data (Fig. 5). The only 
exception seems to be the high paleointensity from a single Hawaiian lava flow erupted at 14 ka, and 
Mankinen and Champion (1993) interpreted this result to be due to the nondipole field. Although data 
are scarce in the 90 to 50 ka interval, the single determination from the flow at site 53 (64 ka, Table 2) 
is suggestive that the interval of abnormally low paleointensities may have been quite prolonged. 
However, a flow of approximately the same age from Mount Etna (Sicily) yields a paleointensity that 
is within the normal range (Trie and others, 1994). Data from Reunion Island (Chauvin and others, 
1991) and Mount Etna (Trie and others, 1994) indicate that the intensity of the field had been in the 
normal range until about 80 ka (Fig. 5). Note that there are two lava flows dated at 80 ka from Mount 
Etna and that one yields an anomalously low paleointensity. There may have been another, shorter 
interval of low paleointensity slightly before 100 ka as indicated by lavas at site 39 (Table 2), in Japan 
(Otake and others, 1993), and on Mount Etna (Trie and others, 1994).

Absolute values of paleointensity such as those determined by the Thelliers' (1959) method can 
only be obtained from rocks and archeological artifacts that have acquired a thermoremanent 
magnetization upon cooling in the Earth's magnetic field. However, each determination represents an 
"instantaneous" reading of geomagnetic field intensity and determinations can be unevenly distributed 
over time. In order to overcome this problem of irregularly spaced determinations, attempts have been 
made to obtain continuous, relative paleointensity records from sedimentary sequences. Although 
relative paleointensity determinations remain controversial, when the sedimentary sequences are 
carefully selected their records often show broad similarities to known world-wide records.

Relative paleointensity records covering the period of time shown in Figure 5 have been obtained 
from three marine cores from the western Indian Ocean by Meynadier and others (1992). They 
combined their data with those obtained previously from marine cores in the Mediterranean Sea (Trie 
and others, 1992) to produce a synthetic record for the region. A sketch of Meynadier and others' 
(1992) synthetic curve was superimposed on the data from Figure 5 and is shown in Figure 6. 
Considerable similarities exist between the relative and absolute paleointensity records for the interval 
between about 40 and 9 ka. The tentative result from the 64 ka lava flow (site #53) also is consistent 
with the synthetic record, but results from two Mount Etna lava flows erupted between 70 and 60 ka 
are not. Values from the older lava flows in Long Valley and those on Reunion Island, in general, do 
not agree with the relative paleointensities. Several of the older Mount Etna lava flows, on the other 
hand, are in excellent agreement with this record. These examples emphasize the necessity of 
averaging data from many globally distributed localities before a true picture of the dipole field can be 
obtained. The same is true for relative paleointensity records.
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